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Ways & MeansSeeing GroEL at 6 A˚ Resolution
by Single Particle
Electron Cryomicroscopy
in the cis ring and nucleotide-induced allosteric switch-
ing of GroEL rings in the GroEL/GroES-nucleotide com-
plex were originally observed by cryo-EM at 30 A˚ resolu-
tion (Roseman et al., 1996). These conformational changes
were later confirmed by the crystal structure of the
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Baylor College of Medicine asymmetric GroEL-GroES-ADP7 complex at 2.8 A˚ reso-
lution (Xu et al., 1997). Cryo-EM structures for ATP-One Baylor Plaza
Houston, Texas 77030 bound state of GroEL (Ranson et al., 2001; Roseman et
al., 2001) and unliganded GroEL at 11.5 A˚ resolution2 Department of Biochemistry
University of Texas Southwestern Medical Center (Ludtke et al., 2001) were recently achieved by single
particle analysis. There remain a number of puzzlingDallas, Texas 75390
questions related to the structures of GroEL and its
complexes with substrates and nucleotides. In view of
the recent advances in cryo-EM single particle recon-Summary
struction, this approach can provide novel information
about this machine in different functional states in solu-We present a reconstruction of native GroEL by elec-
tion environment (Saibil et al., 2001). While there aretron cryomicroscopy (cryo-EM) and single particle
hypotheses for GroEL’s mode of action, some uncer-analysis at 6 A˚ resolution.  helices are clearly visible
tainty still remains over precisely how it interacts withand  sheet density is also visible at this resolution.
the nonnative proteins it helps to fold. Since the GroELWhile the overall conformation of this structure is quite
assembly is quite dynamic (Ma et al., 2000), there areconsistent with the published X-ray data, a measur-
potential structural differences between the solution andable shift in the positions of three  helices in the
crystallized states in various functional forms. In thisintermediate domain is observed, not consistent with
study, we extend the resolution of the cryo-EM recon-any of the 7 monomeric structures in the Protein Data
struction of the naked GroEL to subnanometer resolu-Bank model (1OEL). In addition, there is evidence for
tion, where we measure the extent of similarities andslight rearrangement or flexibility in parts of the apical
differences between solution and crystal structures.domain. The 6 A˚ resolution cryo-EM GroEL structure
clearly demonstrates the veracity and expanding
scope of cryo-EM and the single particle reconstruc-
Results and Discussiontion technique for macromolecular machines.
In this study, we present a 6 A˚ resolution reconstruc-
Introduction tion of GroEL performed using cryo-EM and single-parti-
cle analysis. To avoid any possibility of biasing the result,
It has been established that a significant number of absolutely no reference was made to the X-ray crystal
proteins depend on the function of preexisting protein structure at any point during the reconstruction. To per-
machinery, i.e., molecular chaperones to promote proper form this reconstruction, 39,085 particles were selected
folding in an energy-dependent manner (Ellis and van from 42 micrographs collected on a JEOL 2010F electron
der Vies, 1991; Fenton and Horwich, 2003; Martin and cryomicroscope (Figure 1A). The resolution achieved in
Hartl, 1997; Sigler et al., 1998). Among the most well- this reconstruction was largely due to new algorithms
studied molecular chaperones are group I chaperonins, added to the EMAN software suite (Ludtke et al., 1999,
comprising bacterial GroEL/GroES, mitochondrial Hsp60/ 2001). While the overall reconstruction methodology
Hsp10, and plant Cpn60/Cpn21 (Kim et al., 1994). Previ- remains unchanged, substantial improvements were
ous electron microscopy and X-ray crystallography ex- made to several specific algorithms. Through improve-
periments have shown that GroEL is a double-ring com- ments to the 2D particle alignment routines, use of im-
plex with two heptameric rings of 57 kDa subunits proved similarity criteria in particle classification, and
stacked back-to-back (Braig et al., 1994; Carazo et al., reductions in iterative particle class alignment, we were
1991). GroEL monomers are typically discussed in terms able to achieve the presented structure at 6 A˚ resolu-
of three domains: apical, intermediate, and equatorial. tion as measured by Fourier shell correlation (van Heel,
The mechanism by which GroEL, in conjunction with 1987) using the 0.5 criterion (Figure 1B).
the cochaperonin GroES, promotes proper folding of An important assessment for a single particle recon-
nonnative proteins or synthetic peptides has been stud- struction is the level of agreement between projections,
ied extensively (Fenton and Horwich, 2003; Sigler et al., class averages, and raw particles. Figure 2 shows sev-
1998). eral class averages from this reconstruction with corre-
Structural studies of GroEL with and without its co- sponding projections, and representative raw particles.
chaperonin GroES were pursued extensively by cryo- Disagreement between any projection and a corre-
EM over the last decade. En bloc domain movements sponding class average beyond that allowed by noise
levels implies either heterogeneity in the data or conver-
gence to a false minimum in structural space due, for*Correspondence: wah@bcm.tmc.edu
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Figure 1. A Representative Area of a GroEL
Micrograph Used in this Reconstruction, Col-
lected on a JEOL 2010F Electron Cryomicro-
scope
Inset: Fourier shell correlation curve calcu-
lated between models generated from the
even and odd numbered particles, respec-
tively.
example, to initial model bias. In this case, GroEL has of the semitransparent single particle reconstruction with
the docked ribbon diagram from the crystal structure.been refined using both the previous 11.5 A˚ resolution
structure (Ludtke et al., 2001) as well as a completely As much as the observation of reasonable secondary
structure elements can be considered a measure offeatureless ellipsoid as a starting model (data not
shown), demonstrating that initial model bias is not a model resolution, this model seems to meet the criteria
required for a model in the 6–8 A˚ resolution range. Thatproblem in this case.
The final 3D reconstruction is presented in Figure 3, is, eight long  helices are readily observed in the single
particle reconstruction without need for comparisonwith colored monomers as a visual aid. Since it is difficult
to visually interpret the full map, the monomer high- with the crystal structure. All six of the helices that are
five turns or longer (H1, H3, H4, H5, H13, H18, as definedlighted in blue was extracted from this structure and
compared to a monomer from the crystal structure (Fig- in Braig et al. [1995]) can clearly be visually identified
and H15 and H16 together appear as one long helix withure 4). This is an isosurface representation of the true
volumetric data. One of the seven monomer structures a 30 kink in its center. Appropriate density is present
for the shorter helices. In fact, as shown in the variousfrom the crystal structure (10EL, Braig et al., 1995) was
split into three pieces representing equatorial, interme- insets in Figure 4, there is remarkably good agreement
between the single particle reconstruction and the rib-diate, and apical domains. Each piece was then rigid
body docked into the cryo-EM map using foldhunter bon diagram, particularly in the equatorial domain,
which is presumed to be the most stable. Density is(Jiang et al., 2001). Inset images show magnified detail
Figure 2. Selected Reference Projections
(Left), Corresponding Class Averages (Mid-
dle), and a Selection of Corresponding Un-
aligned Raw Particles (Right)
Aside from increased noise, the class aver-
ages are expected to exactly match the refer-
ence projections.
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Figure 3. Final Reconstruction of GroEL
Structure at 6 A˚ Resolution
Each monomer has been colored to make the
structure easier to visually interpret.
observed for all  helices, and sheet-like density is ob- lices (Figure 4, arrow c), may appear incorrect, this may
largely be due to side chain densities. Similar connec-served for isolated sheet regions (Figure 4, arrow a). In
addition, 23 C-terminal residues that are not included tions can also be observed in the X-ray crystal structure
when represented as isosurfaces with identical filtrationin the crystal structure can be seen in the cryo-EM map
(Figure 4, arrow b). (Figure 5). At higher isosurface thresholds, these con-
nections vanish in both the cryo-EM and X-ray struc-While certain features, like bridges between some he-
Figure 4. GroEL Monomer Extracted from
the Full Single Particle Reconstruction Shown
in Figure 3 Compared to One of the Seven
X-ray Crystal Structure Ribbon Diagrams
Insets show details of several different orien-
tations of this particle. The three domains,
apical, intermediate, and equatorial, were
docked into this structure independently.
Arrows: (a)  sheet regions well represented
by the density map; (b) apparent density adja-
cent to the N and C termini of the structure,
possibly accounting for 23 residues excluded
from the crystal structure; (c) connecting den-
sity between helices likely due to high side
chain density; (d) apparent gap in the struc-
ture, which is filled in at slightly lower isosur-
face thresholds.
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Figure 5. Isosurface Renderings of the Equa-
torial Domain
Isosurface renderings of the equatorial do-
main of the single particle reconstruction (left,
blue) and the docked crystal structure filtered
in the same way as the single particle recon-
struction (right, green). The arrows exhibit
one point where the helices are apparently
bridged in both structures. At higher isosur-
face thresholds this bridge can be eliminated
in both structures.
tures, leaving clearly delineated  helices. However,  a starting model. Despite this strong initial bias, the
observed shifts in helix positions in the intermediatesheet and loop structures appear broken at such thresh-
olds. Some appear broken even at the presented thresh- domain were still observed.
A reasonable question given our knowledge of possi-old (Figure 4, arrow d). The presented isosurface was
selected to give the best possible overall balance in ble breaking of the 7-fold symmetry asks why full 14-
fold symmetry was applied in our single particle recon-display of secondary structure elements with a single
isosurface threshold. struction. Unfortunately, while single-particle analysis
offers some important capabilities for examining func-As previously described, the ribbon diagrams in Fig-
ure 4 consist of the apical, intermediate, and equatorial tional states and heterogeneous populations by segre-
gating heterogeneous particle populations computa-domains of GroEL independently docked into the cryo-
EM structure. When rigid body docking is performed tionally (Brink et al., 2004; Gao et al., 2003; White et al.,
2004), individual subunit variations within an otherwiseusing the entire GroEL monomer, the equatorial domain
matches extremely well, but significant discrepancies symmetric molecule are not possible using current tech-
niques. Since cryo-EM provides 2D projections, thereare observed in the apical and intermediate domains.
Most striking is the apparent shift in the position of two is currently no method for extracting independent infor-
mation about each subunit. Some simplistic approaches4 turn helices in the intermediate domain (H6 and H7)
(Braig et al., 1995) and one longer helix (H13) immedi- that could be applied to this problem are computation-
ally prohibitive (i.e., 109 or more CPU hours), but mayately behind the shorter helices as shown in Figure 6.
This figure shows backbone traces of all seven mono- become feasible in the future.
With close to 40,000 particles, this reconstruction in-mers from the crystal structure (Braig et al., 1995), along
with a backbone trace of the individually docked do- volved over half a million asymmetric units of GroEL.
However, in this particular case, we were intentionallymains presented in the Figure 4 insets. Even in the best
matching of the seven crystal structures, an 3 A˚ shift very liberal in our selection process. That is, we used
the automatic particle selection procedure with settingsin the positions of the intermediate domain helices is
observed. In addition, if the rigid body docking of the that included almost anything that might have been a
particle, and made only minimal efforts to remove obvi-full monomers is performed using the virtually static
equatorial domain as an anchor, the relative shift may ously bad particles by hand. After completing this recon-
struction, we generated various smaller data sets withbe as large as 4–5 A˚. As a final confirmation that these
apparent shifts were real, and not due to some form of only10,000 of the highest contrast particles (140,000
asymmetric units), and still achieved better than 8 A˚initial model bias in the reconstruction, we reran the full
refinement using the D7-averaged crystal structure as resolution. This value is generally comparable to other
Figure 6. Seven Monomers from the Crystal
Structure
All seven monomers from the crystal struc-
ture (10EL) were docked into the single parti-
cle reconstruction (blue), compared with the
docking performed with the three individual
domains as shown in Figure 4 (green). A clear
shift of 3–5 A˚ is observed in the two short
helices in the intermediate domain (as indi-
cated by the arrows).
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high-resolution single-particle reconstructions, such as and apical domains seen in the crystal may be influ-
enced by crystal packing forces and spatial restraints.core protein of hepatitis B virus at 7.4 A˚ (Bottcher et al.,
1997), which used 400,000 asymmetric units, or the Recent NMR (Chatellier et al., 1999; Kobayashi et al.,
1999; Tanaka and Fersht, 1999) and X-ray crystallogra-Rice Dwarf Virus at 6.8 A˚ resolution (Zhou et al., 2001),
which incorporated 200,000 asymmetric units. At the phy (Chen and Sigler, 1999) studies showed indepen-
dently that a flexible groove between helices H8 and H9other end of the spectrum, the completely asymmetric
Ribosome required 50,000–75,000 asymmetric units (Braig et al., 1995) is the peptide binding site in the apical
domain (Feltham and Gierasch, 2000). A flexible apicalto achieve 10 A˚ resolution using the 0.5 FSC criterion
(Valle et al., 2003). Due to the roughly exponential falloff domain may explain the various modes of molecular
plasticity that are responsible for tight promiscuousin signal-to-noise ratio with resolution in typical electron
micrographs, particle requirements tend to rise expo- binding of nonnative substrates (Chen and Sigler, 1999).
Motions in the apical domain upon the binding of anentially with resolution. Going from 12–14 A˚ resolution
to 6–8 A˚ resolution will require approximately a 10-fold polypeptide have been recently shown in the crystal
structure of GroEL-peptide complex (Wang and Chen,increase in number of particles (Saad et al., 2001), as-
suming data quality remains constant. In these terms, 2003). On the other hand, a mobile intermediate domain
is essential for communications between the apical andthere is a remarkable consistency in the particle require-
ments for virtually all published single-particle recon- equatorial domains to promote proper folding of a target
protein. Mutations in the intermediate domain disruptstructions.
these communications, impeding ATP hydrolysis in the
equatorial domain of a stable GroEL-GroES-nucleotide
Conclusions complex (Kawata et al., 1999).
The algorithms developed for this reconstruction are
While there have been a few published single-particle now being applied to several other macromolecular ma-
reconstructions of icosahedral virus particles beyond chines with either low symmetry or complete asymmetry
8 A˚ (see review, Zhou and Chiu [2003]), the issues in- and have already yielded considerable resolution im-
volved with smaller, less symmetric particles are sub- provements in several cases. Further resolution im-
stantially different, as are the algorithms used to accom- provements in the case of GroEL are likely to require a
plish the actual reconstruction. The fact that the total combination of further algorithm improvements and a
mass of the particles is as much as a factor of 5–100 larger data set. The availability of more computational
times lower, producing correspondingly less total con- resources, better images, and improved algorithms in-
trast for alignment in conjunction with a reduction in creases the likelihood that the single particle recon-
symmetry, makes nonicosahedral reconstructions con- struction methodology will be extended to well beyond
siderably more difficult. We have demonstrated that it is 6 A˚ for many single-particle projects in a routine manner
possible to perform reconstructions of submegadalton in the foreseeable future.
particles to resolutions at which  helices can be clearly
resolved in the structure. Experimental Methods
The initial goal of this study was validation of our
Purificationexperimental and computational methodology; how-
GroEL was purified in the same fashion as our previously publishedever, we also found indications that the solution struc-
structure at 11.5 A˚ resolution (Ludtke et al., 2001). This was simplyture of GroEL differs somewhat from the crystal struc-
a later preparation using the same technique. Briefly, the pGroESL
ture, with helix positioning differences as large as 3–5 A˚. plasmid that overexpressed E. coli GroEL and GroES was trans-
These observed changes in the intermediate and apical formed into ESts CG-712 cells, which were grown at 37C under
chloramphenicol selection to A600 of 0.6. The expression of GroELdomains are quite significant. This result is not unex-
was induced by IPTG overnight at 37C. Cell lysates were preparedpected, given the difficulties encountered when per-
by sonication in a lysis buffer containing 1 mM phenylmethylsulfonylforming the 2.8 A˚ crystal structure determination (Braig
fluoride and 1 mM benzamidine. After an initial 30%–60% (NH4)2SO4et al., 1994, 1995). The changes observed in the single
fractionation, the protein sample was treated with 10 mM Mg-ATP
particle reconstruction are consistent with the presence at 37C for 2 hr, followed by DEAE-Sepharose column chromatogra-
of high crystallographic B factors and structural varia- phy. The GroEL fractions collected from the ion exchange column
in the absence of Mg-ATP were concentrated and purified on ations in the intermediate and apical domains in the crys-
Sephacryl S-400HP column with Mg-ATP also omitted from thetal reconstruction (Braig et al., 1995). Directed molecular
column buffer. Eluted GroEL fractions were pooled, concentrated,dynamics (Ma et al., 2000) shows the intermediate do-
and further purified on a Reactive Red 120 agarose (type 3000-CL)main as a hinge allowing rearrangement of the apical
column (2.6 cm  70 cm), with GroEL recovered in 20 mM Tris-HCl,
domain for attachment to GroES (Xu et al., 1997). pH 7.5, 5 mM MgCl2 in the flowthrough fractions.
The fact that the structure of the equatorial domain
of the cryo-EM structure matches so well with the corre- Electron Cryomicroscopy
sponding domain in all of the different crystal structures Quantifoil grids with 2 m hole size were used. Data was recorded
on a JEOL 2010F microscope using a field-emission gun operatedof the seven monomeric subunits strongly validates our
at 200 kV. The nominal magnification was 50,000 with a dose ofreconstruction. The cryo-EM structure represents the
15–20 e/A˚2. A 70 m condenser aperture, spot size 2, and adynamic average of the various conformations of each
60 m objective aperture were used. Data was collected on Kodaksubunit rather than a single definite structure. The struc-
SO-163 film developed for 12 min in Kodak developer at 20C. The
ture of GroEL, as determined by subnanometer-resolu- films were scanned on a Zeiss SCAI scanner at 7m/pixel, averaged
tion cryo-EM, most likely reflects the true average solu- 1.5 to produce data at 2.1 A˚/pixel. This was later calibrated by
comparison with the crystal structure (1OEL) to 2.08 A˚/pixel. Onetion conformation. The conformation of the intermediate
Structure
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hundred sixty-seven focal pairs were collected as part of this experi- dure, the criterion used is still the variance between images. How-
ever, now, the raw particle image is Wiener filtered, then a 1D radialment; of these, 42 first micrographs were selected for processing.
Micrographs were excluded due to ice thickness (low contrast), power spectrum is calculated for the particle image. Each reference
projection is then filtered such that its radial power spectrumastigmatism, drift, or presence of significant amounts of contaminat-
ing ice. matches the radial power spectrum of the particle image. Then
finally, the variance between each filtered reference projection and
the Wiener filtered particle image is calculated. This new procedureData Preprocessing
compensates for both the CTF and envelope function differencesParticles were selected semiautomatically using our previously pub-
between the raw particle and projection images.lished 11.5 A˚ resolution structure (Ludtke et al., 2001) as an initial
Finally, there are two iterative processes in the refinement proce-3D reference. Projections of this reference were generated covering
dure. The overall refinement process iteratively improves the 3Dall three Euler angles at an interval of 22.5. This set was then
structure, such that a new structure is produced for each iteration.reduced to 25 reference images by finding as set of images as
In addition, within a single loop of the overall refinement, each classmutually different from each other as possible, using EMAN’s
average is also refined iteratively, by first aligning the particles tomakeboxref.py script. Automatically selected particle images were
the corresponding projection, then iteratively realigning them tothen manually filtered to exclude false positives. Contrast transfer
the generated class average. This iterative class averaging is anfunction (CTF) parameters were determined using the same x-ray
important process, since it allows the class averages to have asolution scattering curve used previously (Ludtke et al., 2001). Accu-
substantially different appearance than the reference projectionracy of CTF parameters were reviewed manually. A total of 39,085
used to generate the class. If only a single alignment to the projectionparticles then processed using several new options in EMAN as
is performed, it is possible to produce a strong bias toward thedescribed below. Defocus of the selected particles varied from0.8
reference structure in each class average (Grigorieff, 2000). With ato 2.6 m. Experimental B factors (Saad et al., 2001) varied from
sufficient number of particles, even pure noise can be made to100 to 200 A˚2 and exhibited a correlation with defocus.
produce an image that is similar to a reference when a single round
of alignment is performed. However, by producing an initial average,Structure Refinement
then iteratively aligning the particles to successive class averages,The overall iterative refinement procedure is the same as that de-
initial model bias can be virtually eliminated. The disadvantage toscribed for the 11.5 A˚ structure, except for the addition of several
this process is that the class averages being aligned to are noisiernew options. Absolutely no reference was made to the X-ray crystal
than the original projections, increasing the uncertainty in the finalstructure during the reconstruction process. The 11.5 A˚ structure
particle orientations before averaging. This dramatically reducesused as a starting model similarly made no reference to the crystal
initial model bias, but at the cost of slightly less accurate 2D particlestructure. Briefly, the process consists of iterative refinement of an
alignments. To get around the problem of reduced alignment accu-initial 3D model against a set of CTF phase-corrected particle im-
racy, a fairly large number of class averaging iterations (typicallyages. Projections of the 3D model are generated with a specified
5–7) is performed in the early rounds of the overall refinement pro-uniform angular separation on the unit sphere taking the imposed
cess. Then, after initial model bias has been eliminated, the number14-fold symmetry into account. Particle images are then classified
of class averaging iterations is reduced to two. In the previouslyvia measurement of similarity between each raw particle image
published 11.5 A˚ structure, seven class averaging iterations werealigned to each projection image from the model. Classified particle
used throughout the refinement process.images are then aligned with respect to each other and the refer-
ence, and averaged together with CTF amplitude correction, includ-
ing per micrograph experimental B factor corrections. Class aver- Postprocessing and Resolution Assessment
The final structure was also masked using the iterative auto-maskingages are then used to reconstruct a 3D model using a direct Fourier
inversion algorithm. procedure described previously (Ludtke et al., 2001), except this
mask has now been improved to incorporate a real-space GaussianWhen the same options used for the 11.5 A˚ resolution reconstruc-
tion were applied to this new data set, the final reconstruction barely falloff, instead of a step function, to further reduce the chances
of improper resolution enhancement through correlations betweensurpassed 10 A˚ resolution. Three improvements to this procedure
were required to achieve the current 6 A˚ resolution: masks in the FSC curve. Nonetheless, our original argument that a
step function is largely adequate when used properly still holds. InFirst, the precision of the 2D alignment routine was improved.
When classifying particles, each noisy particle image must be rota- this case, the mask was extended by 10 voxels (20.8 A˚) from the
typical rendered isosurface.tionally and translationally aligned to each projection image before
a similarity comparison can be made. Similarly, in the iterative self- Resolution was assessed using the standard technique of gener-
ating 3D models using only the even and odd halves of the rawalignment procedure used to generate class averages, particles
must be accurately aligned rotationally and translationally in 2D. particle set, then calculating a Fourier shell correlation curve be-
tween these models (van Heel, 1987). However, different programsPreviously, it was considered adequate to perform this alignment
with 1 pixel accuracy at the edge of the image. However, the perform this test in different ways. Certain programs simply use the
already determined 3D orientations/centers for each particle fromdifferences in the similarity criteria between the best orientation
and other similar orientations is often quite small, and a 1 pixel the full refinement. An alternate technique would be to do a complete
iterative refinement from scratch with the even and odd halves ofmisalignment in 2D can produce a significant error in particle classifi-
cation in certain cases. We have improved the precision of the the data. It is important to note that these two methods are testing
two different qualities of the final map using all of the data. The firstalignment routine through addition of a simplex minimizer (http://
www.gnu.org/software/gsl/), producing alignments with0.04 pixel test is measuring the residual noise left after all data is averaged.
The second technique is measuring both noise in the final modelprecision. While it is not clear that these alignments are more accu-
rate, they do produce a more precisely maximized similarity value as well as some level of initial model bias of the results. In EMAN,
the test falls between these two extremes, particle classificationsfor each comparison during classification, which produces a mea-
surable improvement in classification accuracy. are all performed with respect to the projections of the previous
iteration containing all of the data. However, the class averagingThe second improvement was development of a new image simi-
larity criterion used to compare images during classification and in (i.e., 2D alignment) is performed independently on the even/odd
halves of the data. So the EMAN even-odd test is largely measuringthe final stages of alignment. The criterion used previously was the
variance between the two images, but only after optimally scaling noise, but also indicates the reliability of the 2D alignment process.
We used the most conservative criteria, 0.5, to assess resolution.the densities and matching origin of the reference image with re-
spect to the raw particle image. In addition, since the reference Since this produced a resolution very close to 2/3 Nyquist, it would
be difficult to justify claiming a higher resolution even with a lessprojections have been CTF amplitude and phase corrected, the CTF
of the particle image was applied to the projection image before conservative value.
We demonstrated with the previous 11.5 A˚ resolution structurecomparison. However, the envelope functions of these two images
were not necessarily compensated for correctly. In the new proce- that EMAN’s CTF amplitude/B factor corrections were accurate
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enough to approximately reproduce the x-ray solution scattering Ellis, R.J., and van der Vies, S.M. (1991). Molecular chaperones.
Annu. Rev. Biochem. 60, 321–347.curve. However, using the actual experimental curve is clearly more
accurate and should be used when available (Gabashvili et al., 2000). Feltham, J.L., and Gierasch, L.M. (2000). GroEL-substrate interac-
To accomplish this, the final structure was filtered so that its 1D tions: molding the fold, or folding the mold? Cell 100, 193–196.
power spectrum matched the GroEL solution scattering curve (Ludtke
Fenton, W.A., and Horwich, A.L. (2003). Chaperonin-mediated pro-
et al., 2001), with the addition of a Gaussian low-pass filter with a
tein folding: fate of substrate polypeptide. Q. Rev. Biophys. 36,
1/e width of 1/8 A˚ in Fourier space. This filter corresponds to a real-
229–256.
space resolvability of5.6 A˚ using the Rayleigh criteria (for example,
Gabashvili, I.S., Agrawal, R.K., Spahn, C.M.T., Grassucci, R.A., Sver-see Hecht [1987]). This technique allows us to directly specify the
gun, D.I., Frank, J., and Penczek, P. (2000). Solution structure of themodel resolvability, so there is no need for an ad hoc B factor
E.Coli 70S ribosome at 11.5 A˚ resolution. Cell 100, 537–549.correction as used in most single particle reconstructions. The effect
Gao, H., Sengupta, J., Valle, M., Korostelev, A., Eswar, N., Stagg,of this final filter on the model is actually quite minimal, especially
S.M., Van Roey, P., Agrawal, R.K., Harvey, S.C., Sali, A., et al. (2003).in the isosurface representation. The primary effect is to adjust the
Study of the structural dynamics of the E coli 70S ribosome usingrelative densities of the protein and the solvent background.
real-space refinement. Cell 113, 789–801.
Grigorieff, N. (2000). Resolution measurement in structures derivedModel Evaluation
from single particles. Acta Crystallogr. D Biol. Crystallogr. 56, 1270–The final reconstructed model was then compared to the X-ray
1277.crystal structure. The overall structures were compared in great
detail, but for presentation in print, we elected to make the compari- Hecht, E. (1987). Optics (Reading, Massachusetts: Addison-Wesley),
son on a single GroEL monomer extracted from the reconstructed p. 371.
6 A˚ structure. The following procedure was performed using stan- Jiang, W., Baker, M.L., Ludtke, S.J., and Chiu, W. (2001). Bridging
dard tools available in EMAN. First, a monomer from the 1OEL PDB the information gap: computational tools for intermediate resolution
structure was centered and converted to an electron density map structure interpretation. J. Mol. Biol. 308, 1033–1044.
blurred with a Gaussian low-pass filter with a 1/e width of 1/8 A˚ using
Kawata, Y., Kawagoe, M., Hongo, K., Miyazaki, T., Higurashi, T.,pdbtomrc. This map was then localized within the reconstructed 14-
Mizobata, T., and Nagai, J. (1999). Functional communications be-mer using foldhunterP, a correlation-based docking program (Jiang
tween the apical and equatorial domains of GroEL through the inter-et al., 2001). Once the monomer had been localized, the PDB elec-
mediate domain. Biochemistry 38, 15731–15740.tron density map was converted into a binary mask at a high density
Kim, S., Willison, K.R., and Horwich, A.L. (1994). Cystosolic chaper-threshold, producing a mask representing the core of the den-
onin subunits have a conserved ATPase domain but diverged poly-sity of this structure. The 14-fold symmetry was then applied to
peptide-binding domains. Trends Biochem. Sci. 19, 543–548.this mask, while maintaining the identity of each subunit using
masksym.py. Each of the 14 masks was then iteratively expanded, Kobayashi, N., Freund, S.M., Chatellier, J., Zahn, R., and Fersht,
1 voxel layer at a time, until the set of masks included all of the A.R. (1999). NMR analysis of the binding of a rhodanese peptide to
density present in the single particle reconstruction. Application of a minichaperone in solution. J. Mol. Biol. 292, 181–190.
this mask to the structure produced a single monomer from the Ludtke, S.J., Baldwin, P.R., and Chiu, W. (1999). EMAN: semiauto-
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